Genetic control of germination time in oilseed rape might enable some cultivars to adapt locally as a volunteer weed or a feral plant. The heritability of withinpopulation germination characteristics was therefore investigated for the oilseed rape cultivar Martina. Two groups of seed were selected from a batch of seeds germinated at 5 °C: those germinating up to about the 20th percentile, termed early germinators, and those above the 80th percentile, viable non-germinators, which did not germinate at 5°C but did so subsequently when moved to a higher temperature. The groups of seeds were isolated, grown to flowering and the plants self-pollinated. Germination of the new seed from the two groups was then compared with seed from the original population at temperatures between 4 C and 19°C on a thermal plate. Differences between seed lots were small at 19 °C, but large below 10 C. The differences in spread of time were analysed by fitting exponential curves to the non-linear relation of 1/time on temperature for each of five percentiles, 10, 20 50, 80, and 90. The fitting procedure tested the extent to which variation within and between seed lots was caused by variation in the base temperature, the curvature of the relation and a parameter for scaling the curve between percentiles. Progeny of the early seed germinated much more rapidly than the original, and germinated completely even at low temperature. The more rapid germination was attributed to a lower extrapolated base temperature of -2.3 °C, compared to -0.7 C for the original, and slightly greater curvature. Progeny of non-germinator seed contained a higher proportion of viable non-germinating seed (for example, 20% germination at 4 °C, compared to 50% for the original), but the germinating seed differed only slightly from the original in time to germination. Among the germinating percentiles, both types of progeny displayed less spread in time to germination than the original seed. It was concluded that the cultivar had the potential to give rise to genetically distinct populations able to exploit different seasonal opportunities.
Introduction
The spread of time to germination within a sample of seeds is an important physiological trait influencing establishment of a population. Both the absolute time to germination and the spread of time are, to some extent, under genetic control since they differ among species and some crop cultivars and landraces (Mohamed et al., 1988; Trudgill, 1995; Trudgill and Perry, 1994) . However, the extent to which the spread within a population is genetically or environmentally controlled has hardly been systematically studied. Genetic determination of the spread, or a part of it, would have important implications for local adaptation. If early and late germinators in a weed population became temporally separated, for example, their flowering times might not overlap and they might form separate populations exploiting local conditions. Variation in germination time within oilseed rape (Brassica napus spp. oleifera) populations (Marshall and Squire, 1996) is a general example of the phenomenon, and has wide-ranging implications for farming and environmental risk. Oilseed rape seeds left in fields after harvest become an economically important weed (Lutman, 1993) , while weedy and feral populations could be a channel for gene flow from transgenic crops (Kareiva et al., 1994) . The related Brassica rapa in Montana, USA (Adler et al., 1993) has given rise to populations of weed and feral plants that had germination responses, for example, to light quality, that are different to those shown by breeders' seed stock. Adaptation to non-agricultural conditions was thought to have occurred, but the mechanisms leading to adaptation were not investigated.
The experiment reported in this paper aimed to examine whether selection and self-pollination of fractions of a single seed lot of oilseed rape could give rise to progeny whose germination traits differed from those of the original seed lot. If the progeny differed, and the plants had otherwise been grown in the same environment, the difference in germination must be genetically based. Comparing quantitatively the spread of time to germination of such populations is not straightforward, however. Seed of winter oilseed rape (Marshall and Squire, 1996) , along with that of many other species, consists of a fraction that readily germinates and another fraction whose seeds will not germinate until they receive further environmental signals. Comparisons between seed lots must therefore account for a categorical trait (nongermination) and a quantitative trait (time to germination). Since in oilseed rape, both are strongly temperaturedependent, information is required over an appropriate range of temperature.
Variation with temperature in the quantitative trait should be definable through the widely used relation between I/time to germination (1/f) and temperature (7") (Roberts, 1988; Washitani, 1987) . In this form of analysis, the relations for different percentiles form a family of curves whose properties describe in a condensed form the response to temperature of the germinable part of the seed lot. This is so whether the response of \jt to T is linear (Garcia-Huidobro et al, 1982; Covell et al, 1986; Ellis et al., 1986) , or curvilinear as in oilseed rape. Previous studies have shown that curves for a given percentile differ among species and recognized cultivars or landraces through variation in either or both of T b or the slope of I ft on T (Mohamed et al., 1988; Trudgill, 1995; Trudgill and Perry, 1994) . Curves of \/t on T for different percentiles in a single seed lot have previously been found to intercept the temperature axis at a common point, differences between percentiles being attributed therefore to factors affecting the slope. Percentiles of the original seed from the cultivar Martina differed in slope, not in extrapolated T b . One of the specific aims of the present work was to examine whether selection and selfing gave rise to differences in T b .
Materials and methods

Original germination and seed selection
Five hundred seeds of cultivar Martina (bred by Semundo, Germany; supplied by West Crop UK) were placed on moist filter paper at 5 °C in Petri dishes on 2 June 1994. Previous experience of the same seed lot (Marshall and Squire, 1996) showed that 60-80% of the seeds would germinate within about 2 weeks and that the remainder (non-germinators) were alive but would germinate only when moved to a higher temperature (for example, 20 °C). A group of seeds classed as early germinators were selected on the fifth and sixth days and, initially, comprised 88 seeds germinating between the 3rd and the 21st percentiles. After 14 d in this experiment, cumulative germination had levelled, leaving about 20% of seeds ungerminated. These seeds, classed as non-germinators, 97 in number, were taken on 16 June to a wanner temperature in the laboratory where most of them germinated.
Growing plants, selfing, seed collection
Germinated seeds of both early and non-germinating fractions were first transferred to small containers. The seedlings of early germinators experienced a period of about 10 d before the nongerminators had germinated. Both fractions then experienced the same environments until harvest. They were first grown in pots in glasshouses without environmental control, until subjected to an 8-week period of vernalization starting 29 June during which 32 plants of each fraction (the rest being discarded) were kept in a growth room at 5 °C with 12 h daylight. (These are standard conditions used to induce flowering in biennial winter oilseed rape cultivars.) When the plants were brought out of the vernalization treatment, both fractions appeared similar in size and leaf area. Plants were transferred to larger pots on 1 September and returned to the glasshouse. The first flowers were observed on 12 September. Inflorescences were covered by bags made of partially translucent thin paper, to prevent pollen entering or escaping, and shaken lightly every day to encourage self pollination. Bags were removed when flowering ceased. From November and until harvest plants were kept at 20 °C in a heated glasshouse. Because of low temperature and solar radiation late in 1994, pods were not harvested until February 1995. Flowering heads were stored in a dry cool room until they were threshed on 28 July 1995. Seed was subsequently stored in the laboratory.
Comparing rate-temperature traits of progeny seed with onginal seed
Seeds of three types were compared: that of the cultivar Martina (original seed) examined by Marshall and Squire (1996) and the progeny from early and non-germinator seed produced as described above. Seeds were germinated on a temperature gradient plate made by Grant Instruments (Cambridge) Ltd. Moist blotting paper was laid over the surface of the plate. The plastic frame, supplied with the instrument was placed on top of the blotting paper. The frame, 700 mm square, consists of 14 x 14 small compartments, or cells, each 50 mm square. The temperature gradient occurred from one end of the plate to the other; cells across rows at right angles to the gradient experienced the same nominal temperature. Seeds were sown along rows 2, 3, 5, 7, and 10, having nominal temperatures of 4, 6, 10, 14, and 19 C, respectively. One hundred seeds of each type were placed at each nominal temperature in two lots of 50 seeds, one lot on each half (across a row) of the plate. The experiment was carried out twice, the first run beginning 1 August 1995 and and the second, 8 December 1995. The seeds were inspected regularly and classed as germinated when the radicle was 1 mm long. Germinated seed was removed from the plate. If percentage germination had stabilized at less than 100% after about 20 d, viability of the remaining seeds was checked by moving them to a warmer temperature of about 20 "C, where all but a few of the non-germinators germinated.
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Actual temperatures at 16 positions on the surface of the plate, located at intersections of rows 1, 6, 10, and 14 with columns 1, 6, 10, and 14, were measured with Type 'K', chromelalumel, fine wire thermocouples of 0.127 mm diameter, which were connected at the edge of the plate to 0.5 mm diameter Type 'K' wire leading to a Campbell 21X data logger. All thermocouple components were supplied by TC Ltd.
Temperatures were recorded every minute; the data logger stored the average, maximum and minimum temperatures each hour. The average temperature at the centre of a cell containing seed was calculated using SPLIT, a Campbell Scientific software package, on the assumption there were uniform temperature gradients along rows and columns. The fifty seeds in each cell were arranged as close to the mid-line as possible to minimize the range of temperature experienced by the seed lot, which was estimated to be about 1 K (Kelvin).
The temperature at any position differed slightly between runs and varied slightly along rows. In the first row and first run, for example, the absolute maximum observed during the run, the average and the absolute minimum ranged from 3.2, 1.6 and 0.8 °C, respectively in column 10, to 3.4, 2.2 and 1.7 "C in column 1. More generally, temperatures were systematically about 0.5 K higher on one half of the plate than the other, and slightly lower by a similar amount in the second run than the first. Differences of this size would substantially affect the result for the long germination times at low temperature, though not so much at high temperature. Therefore, the two halves of the plate and the two runs were treated separately during initial analysis. Subsequently, measured average temperatures are used to derive rate parameters.
Results
Logistic, generalized logistic and Gompertz curves were fitted to each set of data for cumulative germination on time using the FITCURVE directive in Genstat V. The curve giving best fit, usually explaining >99% of the variation, was used to derive times to germination of given percentiles. Examples of cumulative germination in Fig. 1 show measurements and fitted curves. Compared with the original parent seed, the tendency for nongermination at low temperature had virtually disappeared in early progeny, but was enhanced in non-germinator progeny. The non-germination occurred mainly at 10°C and below (Fig. 2) . At 13°C and 19°C, germination was generally 100% in both types of progeny, slightly more than in the original. It is possible that the non-germination of small amounts of the original seed at these higher temperatures was a result of ageing, since the original seed was at least 2 years older than the progeny. However, non-germination of around 10% was observed at these temperatures in the same seed lot germinated over a year previously (Marshall and Squire, 1996) , suggesting that non-germinator progeny was able to germinate more completely at the higher temperatures than the parent seed. Larger samples would be required to examine this fine detail. More difficult to see in Fig. 1 is that, for percentiles that did germinate, early progeny germinated more rapidly than original and non-germinator progeny. Analysis of variance was carried out on time to germination of 10th, 20th, 50th, 80th, and 90th percentiles separately, so as to examine the main effect of seed type and interactions of seed type with temperature, run (1 and 2) and position on the plate (half 1 and half 2). Incomplete germination at low temperature reduced the degrees of freedom from 59 to 42 for the 80th percentile and to 36 for the 90th percentile. Nevertheless, effects of seed type were consistently highly significant at all percentiles (P<0.001). Interactions with temperature were also consistently highly significant (P< 0.001), except for temperature-seed type interactions at 80% (P = 0.005), and 90% (P = 0.019). Effects of seed type were generally consistent between runs and lateral positions on the plate. Table 1 summarizes the analysis for seed type averaged over all temperatures for each percentile separately, and shows an example of the effects of temperature for one percentile (50th). The time profile of germination was more compressed in both types of progeny than in the original seed. Progeny of early seed always took less time to germinate than the other two types. Non-germinator progeny germinated within the range of the original seed, early percentiles taking more time and late percentiles (when they germinated) taking less time.
These differences in time to germination are now further examined through relations between germination rate (1/0 and temperature (T). The four symbols around each temperature in Fig. 3 show the extent of variation among the two sides of the plate and the two runs. The responses look curved as found previously by Marshall and Squire (1996) using the original seed. An approach was therefore taken to determine whether, and by how much, percentiles differed in the shape of the curve and in the temperature at which \/t extrapolated to zero. The polynomial family of curves was tried first. The linear form showed systematic, non-random deviations of the fitted from the observed values in all three seed types. Considerable difficulties were encountered in attempting to fit the quadratic form -the coefficients of the linear and quadratic terms being highly correlated. The polynomial family was therefore abandoned. The exponential function was eventually found to provide a suitable form to describe the responses and gave a random distribution of residuals about the fitted curves. Since the differences in I/time (y) could have been caused variously by differences in the scaling of the response between one percentile and another, in the shape of the response, or in the intercept on the temperature axis, three models (giving y u y 2 and _y 3 ) were considered with increasing numbers of parameters. The symbol / indicates a parameter value that varies between the 10th, 20th, 50th, 80th, and 90th percentiles.
in each case for T^ T b This particular form of exponential function has the property that germination rate \/t is zero when temperature 7" falls to T b , the base temperature. (Therefore T b in the equations above is analogous to the temperature when rate is zero in a linear model. It is here represented by the same name and symbol commonly used in the linear model. Since the response here is non-linear, however, base temperature can not be used to calculate a cumulative time-temperature sum from, say, daily average temperature.)
The first model has a shape, defined by the value of the parameter b, that is common to all five percentiles. If b is unity, the response is a horizontal line and germination rate is independent of temperature. As the value of b increases above unity, the response becomes more steeply curved upwards. The value of T b is also common to all five percentiles. Only the scaling parameter a is allowed to vary between percentiles. This is simply a multiplier of the basic response function. In total there are seven parameters to be estimated (T b , b, and a, = i 0 , 20,
50, 80. 9o) •
In the second model, both the shape parameter b and scaling parameter a are allowed to vary between percentiles, giving a total of 11 parameters to be estimated. The reduction in the residual sum of squares divided by the reduction in the degrees of freedom (11-7=4 degrees of freedom) relative to the residual mean square provides a measure of the /-statistic for testing the significance of improvement of model 2 over model 1. A significant improvement would indicate that percentiles of the seed lot being examined differed in the shape of the response.
In the third model, all three parameters, b, a and T b , are allowed to vary between percentiles, giving a total of 15 parameters to be estimated. Similarly, the significance of any improvement in fit of model 3 over model 2 was tested with the /"-statistic. Therefore, model 3 tests for significant differences in T b over and above those related to shape and to scaling among percentiles.
The family of exponential models was fitted using the FITNONLINEAR directive in Genstat V. Model 1 was highly significant (P< 0.001) in all three seed types. Model 2 was also successfully fitted, but in no case was the improvement in fit significant, the /-statistic being less than unity in all instances. The fitting procedure had difficulty in estimating the additional parameters in the third model, with values reaching boundary limits. In the case of the early seed type, convergence of the fitting Within-cultivar germination heterogeneity 873 procedure was achieved, but again the improvement in fit was not significant (/"-statistic = 0.1, residual degrees of freedom = 85).
Within each seed type, therefore, percentiles were not found to differ significantly in either the value of T b or the shape of the response (parameter b). The curve for any one percentile could be changed to that of any other in the same seed lot simply by re-scaling the j-axis through parameter a. Between seed types, however, the fitting procedure gave evidence of differences variously in T b , shape and scaling parameters. In particular, the value of T b was lower, and the curve slightly steeper, in the early type compared to both other types. A further feature of comparison is that both types of progeny had a more compressed time profile than the original seed: the compression is manifest in the ratio of a^-.a^, which is about 80% in the progeny of that in the original. Table 2 gives parameter estimates, standard errors and other information for model 1.
Examples of exponential functions (model 1) fitted to data are shown by the dashed lines in Fig. 3 . The whole data are summarized in Fig. 4 where the family of curves for each type of progeny is compared with that of the original seed. The apparently lower T b , causing higher germination rate, of the early progeny compared with the original is evident (Fig. 4a) , as is the compressed profile of non-germinator progeny compared with the original (Fig. 4b) .
Discussion
Groups of oilseed rape plants, grown from early and late positions in the time-profile of germination and then selffertilized, each produced progeny with distinct germination characteristics. This is evidence of genetic control of the position of a seed in the time-profile of germination. Both types of progeny and the original seed displayed a heterogeneity of germination time that changed with temperature: differences between all three seed lots were small above 15°C, but increased greatly below 10°C. Both the categorical (non-germinating) trait and the quantitative \/t traits were affected. For progeny of early seed, values of the quantitative trait had been increased and its range compressed, while the non-germination trait had almost disappeared. For progeny of non-germinator seed, the median value of the quantitative trait was little changed, but its range had also been compressed, while the non-germination trait was enhanced at low temperatures below 10°C (Fig. 2) . The non-germination of high percentiles and the curvature of response again made rate-temperature relations difficult to interpret. The true response was not measured below 4°C for all percentiles, but is not measurable below about 10 C C for high percentiles of seed showing nongermination. It cannot be certain therefore, despite the analysis of the curves, that all percentiles in the same seed lot had the same true T h or that early progeny had a lower true T b (-2.3 °C) than the original (-0.7°C). In seed with pronounced non-germination at low temperature, T b probably has little physiological significance, its value being mainly a predictive parameter of germination at higher temperature.
Nevertheless, selfing of early seed in the original time profile resulted in progeny that germinated in a more concentrated rapid flush, while selfing of non-germinator seed resulted in progeny with a more marked dual response, a greater fraction not germinating at low temperature, and the remaining fraction germinating in a more concentrated flush than the original. These responses suggest that if seed with attributes of the early progeny were shed or spilled in the autumn in the UK, all or most of it would germinate before the winter. If seed of the non-germinator progeny were shed or spilled at the same time, some would germinate before winter and other after, when temperature rose. The sooner the temperature dropped below 10°C after seed drop, the more of the seed would germinate after winter.
Further experiments would be required to define the precise inheritance characteristics of the discriminating traits. That early progeny differed genomically from nongerminator progeny has been confirmed by parallel studies of DNA markers generated by simple sequence repeat primers (for method, see Charters et al., 1996) . Several oilseed rape cultivars, including Martina, display withincultivar variation in the DNA markers generated by these primers. The markers have not yet been linked to physiological functions controlling germination rate, but the DNA extracted from early and non-germinator progeny differed in the marker band profiles generated using one primer.
The finding that one cycle of selection can bring about large changes in germination rate and in the nongerminable (but viable) fraction of a seed lot, suggests that genetic isolation of different weedy and feral oilseed rape populations in the UK would occur. If, following seed spillage in autumn, for example, the early fraction of Martina seed were to germinate before winter, and the non-germinating fraction after winter, the two populations would be likely to flower at different times the following year. Self-fertilization of each group would reinforce the differences in germination pattern. The degree to which small populations of weedy and feral oilseed rape remain genetically distinct, however, would depend on the amount of hybridization between the populations and nearby crops and other weed and feral oilseed rape. In a typical arable region, most weed and feral populations are likely to receive some pollen from external sources (Timmons et al., 1996; Crawford et al., 1996) , but the fraction of hybrid seed produced in these colonies has not yet been well quantified.
The results and the previous between-cultivar comparisons described by Marshall and Squire (1996) have two further implications First, little of the heterogeneity in germination time was exhibited above 10 °C. Therefore, observing the germination or emergence of a specified percentile, such as the 50th, for cultivars sown in early autumn or spring, or for seed at standard temperatures such as 20 °C or 25 °C, would give only a poor indication of the heterogeneity likely to be displayed in the field at temperatures below 10 "C. The potential of a seed lot to exploit time-windows for emergence should be examined over a range of temperature and for a wide range of percentiles. Second, prediction of germination in weedy and feral populations would be very uncertain, not just because of the non-linearity, but because any population could have one or other of several germination profiles.
